A gronomy J our n al • Volume 10 0 , I s sue 5 • 2 0 0 8 1347 S oybean yield of 8000 kg ha -1 has been suggested as a reasonable yield limit for soybean productivity (Specht et al., 1999) . Average yields in Iowa are approximately 50% of this (National Agriculture Statistics Service, 2007). In rare instances yields have approached or surpassed this suggested maximum but only occur when all environmental conditions are favorable (Cooper, 2003) . Each cultivar has a genetic yield potential (Evans and Fischer, 1999 ) that can only be attained in a "stress-free" environment. Abiotic and biotic stresses within the environment infl uence plant growth and reduce yield (Cook, 2000) . As noted by Sinclair (1993) , there are physiological limitations to crop yield potential and "alleviation of stress barriers to achieving full yield potential off ers many opportunities…to sustaining and increasing crop yields in the future." Soybean cyst nematode is an important biotic stress, was fi rst identifi ed in Iowa in 1978 (Edwards, 1988 , and causes estimated yield losses greater than 1.2 million tonnes in 2004 (Wrather and Koenning, 2006) . Population densities as low as 10 to 50 eggs 100 cm -3 can reduce yield (Niblack et al., 1992) , and greater population densities can reduce water uptake (Fallick et al., 2002) , and plant biomass and canopy development (Alston and Schmitt, 1987; Fallick et al., 2002) . Distribution of SCN throughout Iowa is widespread and has been identifi ed in all but three of the 99 counties and >65% of randomly selected fi elds (Tylka, 2007) . Field history and cultivar selection have generated a range of population densities from 100 to <5000 eggs 100-cm -3 soil among sampled fi elds (Tylka et al., 2008) .
S oybean yield of 8000 kg ha -1 has been suggested as a reasonable yield limit for soybean productivity (Specht et al., 1999) . Average yields in Iowa are approximately 50% of this (National Agriculture Statistics Service, 2007) . In rare instances yields have approached or surpassed this suggested maximum but only occur when all environmental conditions are favorable (Cooper, 2003) . Each cultivar has a genetic yield potential (Evans and Fischer, 1999 ) that can only be attained in a "stress-free" environment. Abiotic and biotic stresses within the environment infl uence plant growth and reduce yield (Cook, 2000) . As noted by Sinclair (1993) , there are physiological limitations to crop yield potential and "alleviation of stress barriers to achieving full yield potential off ers many opportunities…to sustaining and increasing crop yields in the future." Soybean cyst nematode is an important biotic stress, was fi rst identifi ed in Iowa in 1978 (Edwards, 1988) , and causes estimated yield losses greater than 1.2 million tonnes in 2004 (Wrather and Koenning, 2006) . Population densities as low as 10 to 50 eggs 100 cm -3 can reduce yield (Niblack et al., 1992) , and greater population densities can reduce water uptake (Fallick et al., 2002) , and plant biomass and canopy development (Alston and Schmitt, 1987; Fallick et al., 2002) . Distribution of SCN throughout Iowa is widespread and has been identifi ed in all but three of the 99 counties and >65% of randomly selected fi elds (Tylka, 2007) . Field history and cultivar selection have generated a range of population densities from 100 to <5000 eggs 100-cm -3 soil among sampled fi elds (Tylka et al., 2008) .
Already in the 1960s and 1970s it was realized that SCN populations were genetically unique and diff ered in their ability to reproduce on resistant cultivars. Initially a scheme was outlined with four races (Golden et al., 1970) and expanded to 16 races by Riggs and Schmitt (1988) . In 2002, the notation was changed to H. glycines (HG) Type . Th e HG Type tests evaluate the potential for a SCN population from a specifi c fi eld to reproduce on various sources of SCN resistance. As an example, fi elds with HG Type 2 SCN populations show the ability to overcome the PI 88788 source of resistance at a reproduction level >10% of the susceptible check cultivar Lee 74 .
Marker assisted selection methods have improved the rate and accuracy at which resistance genes are integrated into new cultivars (Concibido et al., 2004) . However, there are still wide ranges of SCN control from these cultivars (Niblack et al., 2006) . Th ere is extensive knowledge for PI 88788 and Peking sources and these have been successfully integrated into numerous new cultivars (Concibido et al., 2004; Glover et al., 2004; Kopisch-Obuch et al., 2005) . Although these two sources of resistance are widely available and can be readily deployed they may not be adequate for fi elds with HG Type 1 or 2 SCN populations, allowing population densities to increase and/or not providing a yield benefi t.
Use of resistant cultivars can reduce population densities and increase yield (Chen et al., 2001a (Chen et al., , 2001b Niblack et al., 1992; Tylka et al., 2008) . Crop rotation and use of nonhost crops has also proven eff ective at reducing initial SCN population densities and increasing yield (Chen, 2007; Koenning et al., 1995; Miller et al., 2006) . However, simply reducing the density or starting with a small population density may still cause a high level of yield damage if the wrong source of SCN resistance or a resistant cultivar with ineff ective resistance is selected.
Questions that arise with SCN management are (i) how predictive is the initial SCN population for potential yield reduction (i.e., egg counts) (ii) how important is knowledge of the genetic profi le of the population (i.e., HG Type). Attempts have been made to use the Pi values estimated before planting as a predictive measure for crop injury. Damage threshold is as low as 10 to 50 eggs 100 cm -3 of soil (Niblack et al., 1992) and 470 eggs kg -1 soil (Francl and Dropkin, 1986) . Declining exponential (Appel and Lewis, 1984; Chen et al., 2001a) , quadratic (Alston and Schmitt, 1987) and linear (Chen et al., 2001b; Niblack et al., 1992; Sasser and Uzzell, 1991) models have all been used to describe the yield loss to increasing SCN Pi. Th ese models have all shown to be year, location, and cultivar dependent and oft en provide inconsistent predictive ability to determine yield loss. Th is has led to an action threshold of one cyst 100 cm -3 of soil to initiate management compared with a damage threshold (Niblack et al., 2006) .
Th e most common source of resistance to SCN is from PI 88788 and is in more than 90% of SCN resistant cultivars (Tylka, 2006) . Soybean cyst nematode populations classifi ed as HG Type 2 have the ability to reproduce at a level >10% on cultivars with PI 88788 source of SCN resistance. For a producer, this means that selection of cultivars with PI 88788 source of resistance may not be suffi cient to manage the population and/or maintain yield compared with other sources of resistance. An ongoing investigation in Iowa has determined that many HG Types are present within the state, including HG Type 0, 7, 2.7, 2.5.7, and 5.7 (Tylka, 2007) . Tylka (2007) sampled 23 locations where 11 of the locations included a 2 as part of their HG Type description potentially limiting the eff ectiveness of this source of resistance as a high-yielding SCN-resistant cultivar. Yield trials conducted in Iowa indicated that even in the presence of HG Type 2 SCN populations, cultivars with PI 88788 still produce greater yields and reduce SCN reproduction (Tylka et al., 2008) .
Yield is the cumulative result of the interaction between a cultivar and environment factors. Our hypothesis is that a combination of density and HG Type of the SCN population will determine the eff ectiveness of resistant cultivars to increase yield and manage SCN population densities relative to susceptible cultivars. It is speculated that older cultivars that do not contain SCN-resistance genes, and were selected and introduced in areas where SCN was absent, may have a diff erent response to SCN compared with new SCN-susceptible cultivars that were likely selected and evaluated in the presence of SCN. In addition, cultivars with PI 88788 source of SCN resistance may not be eff ective cultivars for fi elds with HG Type 2 SCN populations. Th e objective was to measure the yield, yield components, and SCN population density responses of a wide range of cultivars, that diff er in resistance to SCN and the year that they were released for commercial production, to SCN populations of diff erent density and HG Type in Iowa.
MATERIALS AND METHODS
Field research plots were established at three locations during the 2005 and 2006 growing seasons. In this study, highyielding and low-yielding environments were selected based on those that typically yield above or below the 5-yr state average yield of 3118 kg ha -1 , respectively (National Agriculture Statistics Service, 2007 Th e experimental design was a randomized complete block with four replications. Th e 23 cultivars that varied in year of release from the private and public sectors and SCN resistance were tested each year (Table 1) . For this study, resistance indicated that the cultivar contained genes known to provide a resistant reaction to SCN (Peking, PI 88788, and PI 437654) . No attempt was made to evaluate each cultivar for its level of resistance based on greenhouse tests and calculated female index as is oft en done to evaluate resistance (Niblack, 2005) .
Before planting, the pre-emergent herbicides s-metolachlor [2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethyl) acetamide] and metribuzin [4-amino-6-(1,1-dimethylethyl)-3-(methylthio)-1,2,4-triazin-5(4H)-one] were applied at 180 g a.i. ha -1 and 40 g a.i. ha -1 , respectively, to the study at Whiting (2005 and 2006) , Nevada (2006 ), and De Witt (2005 . No pre-emergent herbicide was used at Nevada in 2005. Following herbicide application, the fi eld was cultivated to a depth of 10 cm to incorporate the herbicide and provide a level seed bed.
Seeds were inoculated with Bradyrhizobium japonicum (EMD Crop BioScience, Brookfi eld, WI) and planted with an Almaco grain drill (Almaco, Nevada, IA) at a seeding rate of 432,000 seeds ha -1 and row spacing of 38 cm. Planting occurred between 24 April and 9 May. Plot size was 2.7 by 6.7 m. Glyphosate [N-(phosphonomethyl) glycine] was applied twice during the season at a rate of 865 g a.e. ha -1 to the glyphosate-tolerant cultivars (Table 1) . Th e combination of acifl uorfen [5-[2-chloro-4-(trifl uoromethyl)phenoxy]-2-nitrobenzoic acid] at a rate of 300 g a.i. ha -1 and sethoxydim [2-[1-(ethoxyimino) butyl]-5-[2-(ethylthio)propyl]-3-hydroxy-2-cyclohexen-1-one] at a rate of 400 g a.i. ha -1 was applied once to nonglyphosate-tolerant cultivars (Table 1) , and plots were kept weed free by hand weeding during the growing season. Th e insecticide Lorsban [chlorpyrifos 0,0-diethyl-0-(3,5,6-trichloro-2-pyridinyl) phosphorothioate] was applied at a rate of 840 g a.i. ha -1 to the experiment at De Witt twice in 2005 for the control of spider mites (Tetranychus urticae) and soybean aphids (Aphis glycines) and to Nevada in 2006 for the control of bean leaf beetles (Ceratoma trifurcata). To control bean leaf beetles at Whiting in 2005, the insecticide Baythroid, [cyfl uthrin,cyano (4-fl uoro-3-phenoxyphenyl) methyl-3-(2,2-dichloroethenyl)-2,2-dimethyl-syclopropanecarboxylate] was applied at 490 g a.i. ha -1 .
Before planting and following harvest, each plot was sampled for SCN by taking 20 soil cores to approximately 15 to 20 cm depth. Egg number 100-cm -3 soil was determined by extracting the cysts (egg-fi lled dead females) and crushing the cysts to remove the eggs, followed by counting the eggs under a microscope at a 1:100 dilution as outlined by Tabor et al. (2003) . Tests to determine HG Type were conducted following the procedures outlined by Niblack et al. (2002) . HG Type is determined based on the percent female reproduction on seven indicator lines and compared with female reproduction on the susceptible cultivar Lee 74. Indicator lines with reproduction values >10% of the standard susceptible cultivar indicate that the nematode population present in the fi eld was virulent to the indicator line.
Data collected at harvest included fi nal plant density, seed mass based on a 300-seed sample and seed number m -2 based on seed mass and plot yield (Board and Modali, 2005) . Th e center four rows were harvested with an Almaco small plot combine (Almaco, Nevada, IA) and harvest weights were adjusted to 130 g kg -1 moisture for fi nal yield.
Statistical analysis was conducted with Proc Mixed in SAS (SAS Institute, 2003) . Due to strong location × cultivar and year × location interactions, data are presented by location. Years were considered a fi xed eff ect in the analysis of all variables due to the varying Pi and HG Types. Cultivar was nested within SCN-group (new SCN-resistant and susceptible and old SCN-susceptible cultivars) indicating that cultivar was considered a random eff ect along with replication. Single-degree-of-freedom contrasts were used to determine simple eff ects of the interaction between year and cultivar and to make comparisons between new SCN-resistant cultivars and new SCN-susceptible cultivars and new SCN-susceptible cultivars and old SCN-susceptible cultivars. Relative yields were calculated by dividing the yield of the individual plot yield for each cultivar within year × location combinations by the average yield of the new SCN-resistant cultivars. A combined location and year analysis was used to analyze relative yields, treating replications and years as random factors following the method outlined by McIntosh (1983) . Initial SCN population densities (Pi) and fi nal SCN population densities (Pf) were variable and ranged from 0 to greater than 12,000 eggs 100 cm -3 of soil depending on the environment. Data were transformed with log 10 (x + 1) to improve homogeneity of variance of count data; an acceptable transformation of SCN population densities (Chen et al., 2001a; Koenning et al., 1995; Niblack et al., 1992) . Reproduction factor (Rf = Pf/Pi) values were calculated with transformed Pf and Pi values. Correlations among yield, seed mass, seeds m -2 , Pi, Pf, and Rf for each cultivar class were conducted with Proc Corr in SAS.
RESULTS

Heterodera glycines Type
Greenhouse HG Type assessments are presented in Table 2 . Populations at De Witt were HG Type 0 and 7 in 2005 and (Table 2) Analysis of variance indicated that initial population densities (Pi) varied among years at each location (Table 3) (Table 6 ). Th is diff erence increased to 32% compared with old SCNsusceptible cultivars. Th is response was not infl uenced by location (P = 0.74) and there was no evidence of an interaction (P = 0.15).
Primary Yield Components
Cultivar responses were similar among years at De Witt and Whiting, but year dependent at Nevada (Table 3) . Resistant cultivars produced 12% more seeds m -2 at Nevada in 2005 compared with new SCN-susceptible cultivars, however, under dry conditions, seeds m -2 production increased by 53% for SCN-resistant cultivars (Table 7) . Th is response was similar to De Witt in 2005 as new and old SCNsusceptible cultivars produced the same number of seeds m -2 but 47% increase with new SCN-resistant cultivars. Soybean cyst nematode resistant cultivars always produced a greater number of seeds m -2 compared with new SCN-susceptible cultivars and old SCN-susceptible cultivars at Whiting (Table 7) . Seed mass was similar among years at both De Witt and Nevada, but greater in 2006 at Whiting. Cultivars produced seed of similar mass at all locations, although there was some evidence that new SCN-resistant produced 6% larger seeds at Nevada in 2006 (P = 0.06) ( Table 7) .
Correlations
Positive correlation among yield and seeds m -2 existed (r > 0.80) for all cultivar types, regardless of location (data not shown). Relationships among yield and seed mass were location and cultivar specifi c (Table 8) . Seed mass was strongly associated with yield at Nevada for all classes (r > 0.52, P < 0.01) and for old SCNsusceptible cultivars at De Witt. No association was detected at Whiting for any of the cultivar types.
At the two high yielding locations (De Witt and Whiting), yield and primary yield components showed both positive and negative responses with increasing Pf and Rf. A signifi cant negative correlation occurred between yield and Pf only for the old SCN-susceptible cultivars (Table 9 ). A negative relationship was detected between seeds m -2 and Pf for both classes of new cultivars and Rf for SCN-resistant cultivars. Positive relationships existed between yield and Rf and seed mass and Rf at Whiting for both old and new SCN-susceptible cultivars. Similarly, at De Witt, seed mass was positively associated with both Pf and Rf for new SCN-resistant cultivars and for Rf for new SCNsusceptible cultivars. Nevada was the most consistent location as yield was negatively infl uenced by increasing Pf and Rf values for all cultivar classes. Primary yield components showed a similar response in all but one of the relationships (Table 9 ). 
Discussion
New SCN-resistant cultivars had lower Pf and Rf than new SCN-susceptible and old cultivars and this was clearly refl ected in the consistent yield improvement for SCN-resistant cultivars. Rapid population increase from a low Pi at Whiting in both 2005 and 2006 documented the tremendous reproduction potential of SCN. Rapid population increase from low Pi has been documented by Alston and Schmitt (1987) and Chen et al. (2001a Chen et al. ( , 2001b . Our data reemphasize the important management criteria to begin SCN management early and keep Pi low, rather than attempting to reduce a large Pi later with resistant cultivars and rotation with nonhost crops (Niblack, 2005) .
New SCN-susceptible cultivars showed a similar inability to control SCN as did old SCN-susceptible cultivars based on equal Rf. Th is response indicated that although new cultivars have increased yield potential, it is not a direct result of improved SCN control.
Using identical production methods, new cultivars, regardless of SCN resistance, performed consistently better than old cultivars, pointing to improved genetic yield potential. Th e ability of new cultivars to set more seeds m -2 was the primary factor that contributed to yield improvement. Th is response was similar to the results of Wang et al. (2003) as the presence of SCN suppressed biomass accumulation of susceptible cultivars. Th is study diff ers from Wang et al. (2003) and Niblack et al. (1992) in that no consistent diff erence in seed mass was detected between resistant and susceptible cultivars.
At the low yielding Nevada location, yield benefi t from SCNresistant cultivars in 2006 was 16% compared with new SCNsusceptible cultivars, even though the Pi was 630 eggs 100 cm -3 . At Whiting, the benefi t was 17% regardless of when Pi was 100 or 1000 eggs 100 cm -3 of soil in 2005 and 2006, respectively. Based on this study the potential loss from selecting a new SCNsusceptible cultivar caused a 14% yield reduction regardless of Pi or HG Type in the fi eld. Th is yield benefi t from resistant cultivars is in agreement with yield trials conducted each year to compare SCN-resistant and SCN-susceptible cultivars in SCN infested environments (Tylka et al., 2008) .
Two of the locations included a 2 in their HG Type description. Th e highest level of reproduction was between 11 and 30% in greenhouse trials. Eight of the 11 SCN-resistant cultivars in this study contained resistance from PI 88788. Upon individual cultivar analysis these cultivars were oft en the highest yielding cultivars even in the presence of HG Type 2. Consistently, they provided a yield advantage of nearly 15% over SCN-susceptible cultivars and with Rf less than one. Th is response was encouraging because the majority of SCN resistant cultivars available today have the source PI 88788. Data from this study supports the continued use of PI 88788 as a source of SCN-resistance, even in fi elds with SCN populations identifi ed as HG Type 2. Recently, cultivars with Peking source of resistance have been released and are highly resistant to HG Type 2 populations in greenhouse screening (Kull et al., 2007) , have strong yield performance, and reduce SCN population densities during the season (Tylka et al., 2008) .
Comparison of new and old SCN-susceptible cultivars, new SCN-susceptible cultivars did not provide greater control of SCN as Pf and Rf were similar for all years and locations regardless of the Pi or the HG Type. However, averaged across locations there was an 18% yield advantage for new cultivars compared with old SCN-susceptible cultivars. Our data provides evidence that increased yields of new SCN-susceptible cultivars are not due to improved SCN tolerance. However, there is evidence that in high-stress environments, such as drought in combination with SCN, yields of new SCN-susceptible cultivars can be brought down to the same level as old SCN-susceptible cultivars.
At Pi greater than 10,000 eggs 100-cm -3 soil, Pf decreased and Rf was less than one for all cultivar types. Th is was an unexpected response. Th is reduction from large population densities may refl ect a population whose reproduction cannot be supported by susceptible cultivars. Th is response was previously documented by MacGuidwin et al. (1995) in Wisconsin and Chen et al. (2001a) in Minnesota.
At other locations, new and old SCN-susceptible cultivars allowed populations to increase from 100 to 15,000 eggs 100 cm -3 of soil or a 150-fold increase when SCN population densities were low and yield potential was high as was the case at Whiting in 2005 (Table 4) . Other estimations were a 67-fold and sixfold increase at Nevada, 2005 and Whiting 2006 on susceptible cultivars, respectively. A unique response occurred at Nevada in 2006. At this environment new SCN-resistant cultivars allowed populations to triple from the initial density. Th is level of control was still signifi cantly better than old and new SCN-susceptible cultivars but clearly, in the presence of HG Type 2 SCN populations and stressful drought conditions resistant cultivars could not suppress SCN population densities. Reproduction factors greater than one for SCN-resistant cultivars have been observed at one location in Minnesota with a female index of 15% on PI 88788 (Chen et al., 2001a (Chen et al., , 2001b .
CONCLUSION
Yield is the result of the interaction between a cultivar and the environment through the growing season. Soybean cyst nematode negatively infl uences this interaction and reduces yield. In addition to crop rotation, cultivar selection is a critical management component that must be implemented to achieve greater soybean yields in all production environments in Iowa where SCN has been identifi ed. Growers have largely adopted the practice of purchasing new seed each year and readily select new cultivars that enter the market. Th ese cultivars have increased yield but unless they contain specifi c SCN resistance traits they do not provide improved SCN control. Resistant cultivars provided a consistent 14% yield increase compared with susceptible cultivars at all locations. A potential problem in the near future is the adaptation of SCN populations that allow their successful reproduction on cultivars that contain PI 88788 resistance. Cultivars resistant to SCN should be grown as soon as SCN has been identifi ed and at locations that include HG Type 2 as part of the SCN population, cultivars must be selected carefully. When new high-yielding cultivars are available with other sources of SCN resistance these could provide greater yields and improved SCN management for these populations.
